Genetic background and developmental stage influence the function of some disease resistance (R) genes. The molecular mechanisms of these modifications remain elusive. Our results show that the two factors are associated with the expression of the R gene in rice Xa3 (also known as Xa26)-mediated resistance to Xanthomonas oryzae pv. oryzae (Xoo), which in turn influences the expression of defense-responsive genes. The background of japonica rice, one of the two major subspecies of Asian cultivated rice,
by the subspecies names indica and japonica. Transgenic plants carrying Xa26 in the background of japonica variety Mudanjiang 8 showed increased resistance to five Xoo strains and enhanced resistance to another three Xoo strains as compared to the gene donor of indica variety Minghui 63 (Sun et al. 2004) . In addition, different indica backgrounds also influence the function of R genes. Minghui 63 carries another bacterial blight resistance gene, Xa25(t), in addition to Xa26 (Chen et al. 2002) . Another indica rice line IRBB3 is well known to carry only one R gene, Xa3, for Xoo resistance (Ogawa et al. 1991) . Our studies have demonstrated that Xa3 and Xa26 are the same gene, with identical sequences in the coding region and only one nucleotide substitution occurring at 475-bp upstream of the translation initiation site (Sun et al. 2004; Xiang et al. 2006) . Thus this gene is named Xa3. However, IRBB3 showed better resistance to different Xoo strains than Minghui 63 (Sun et al. 2004) , although this difference may be partly caused by different quantitative trait loci for disease resistance in the two genetic backgrounds. Furthermore, the function of an allele of Arabidopsis R gene RPS2 is influenced by genetic background, and the LRR domain determines the effectiveness of the interaction between RPS2 and other host factors in RPS2-mediated resistance (Banerjee et al. 2001) .
The developmental stage of the host is another factor that influences the function of R genes. The activity of rice bacterial blight resistance gene Xa21 is developmentally controlled. Xa21-mediated resistance increases progressively from the susceptible juvenile stage to full resistance at the later adult stage (Century et al. 1999) . Several other rice R genes conferring resistance to Xoo also mediate full disease resistance only in the adult stage (Zhang and Mew 1985; Mew 1987; Goel and Gupta 1990; Ogawa 1993) . Developmentally controlled disease resistance has also been observed in other plant-pathogen systems. The Cf-9B is a family member of the tomato Cf-9 gene, conferring resistance to Cladosporium fulvum; Cf-9B mediates weaker resistance than Cf-9 and protects only mature plants from infection (Panter et al. 2002) .
Although different host factors can modify the function of R genes, the molecular mechanisms of these modifications remain elusive. Here we report that the expression pattern of rice Xa3, encoding LRR receptor kinase type of protein, is associated with its variant resistant activity in different genetic backgrounds and different developmental stages. A higher expression level of Xa3 results in a wider resistance spectrum, strong resistance level, and whole-growth-stage resistance. The explanation of the dosage-dependent resistance conferred by Xa3 is discussed. Xa3 may be used as a tool to unravel the molecular mechanisms of R protein function in genetic background-dependent and developmental stage-dependent disease resistance. In addition, Xa3-overexpressing plants showed no remarkable morphologic and developmental difference from wild type, implicating the gene's value in breeding programs.
MATERIALS AND METHODS

Plant transformation:
The overexpression construct carrying P Ubi :Xa3 was made by inserting the genomic fragment of Xa3 coding region amplified using primers MRKbR and MRKbF (Supplemental Table 1 ) into vector pU1301 (Qiu et al. 2007) (Supplemental Figure 1A) . The construct carrying P WRKY13 :Xa3 was made by inserting Xa3 coding region amplified using primers MRKbR and MRKbF into vector pI1381 (Supplemental Figure 1B) . The pI1381 was modified by insertion of a 728-bp rice WRKY13 gene promoter locating at -691 to +37 of WRKY13 (Qiu et al. 2007 ) into the multiple cloning sites of vector pCAMBIA1381. The construct (MKb) carrying P Xa3 :
Xa3 was the same used previously (Supplemental Figure 1C , Sun et al. 2004) .
Agrobacterium-mediated transformation was performed according to the protocol of Lin and Zhang (2005) .
Pathogen inoculation:
To evaluate bacterial blight disease, plants were inoculated with Xoo strains at the seedling or booting stage, as described previously (Sun et al. 2004 ). Z173 is a Chinese strain. PXO61, PXO86, PXO79, PXO71, PXO99, PXO145, and PXO280 are strains representing Philippine races 1, 2, 3, 4, 6, 7, and 8, respectively. T7174, T7147, and T7133 are Japanese strains. Disease was scored by measuring the percent lesion area (lesion length/leaf length) at 2-3 weeks after inoculation.
Mock-inoculated (control) plants were treated under the same conditions, except that pathogen suspension was replaced with water.
Reverse transcription (RT)-quantitative PCR analysis (qPCR):
RT-PCR was conducted as described by Wen et al. (2003) . Quantitative PCR was performed using primers RealF and Real2R for the plants in the Zhonghua 11 background and using primers RKb3F and RealR for the plants in the backgrounds of Mudanjiang 8, 02428, Minghui 63, or IRBB3 (Supplemental Table 1 ) and the ABI 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA), according to the manufacturer's instruction. The expression level of actin was used to standardize the RNA sample for each RT-qPCR. The qPCR reaction was in a 25-µl volume containing 1 µl of diluted reverse transcription product, 12.5 µl of 2× SYBR Green PCR Master Mix (Applied Biosystems), and 0.32 µM of each primer. For each analysis, RT-qPCR assays were repeated at least twice with each repetition having three replicates; similar results were obtained in repeated experiments.
RESULTS
Japonica background facilitates the function of Xa3: Our previous study has shown that Xa3 (also known as Xa26) mediates race-specific resistance to Xoo; transgenic rice plants carrying Xa3 in the genetic background of japonica rice variety Mudanjiang 8 showed enhanced resistance as compared with a Xa3 donor, indica rice variety Minghui 63 (Sun et al. 2004) . To explore whether this is a general phenomenon, we transferred the Xa3 gene with its native promoter (P Xa3 ) from Minghui 63 to two other susceptible japonica rice varieties, Zhonghua 11 and 02428. A total of 12 independent transformants (MKbZH) in Zhonghua 11 background were generated.
Eight of the nine positive transgenic plants were highly resistant to Xoo strain PXO61 at adult (booting) stage, with lesion areas ranging from 0.4 ± 0.2% to 3.3 ± 2.0%, as compared to 39.0 ± 11.9% and 25.6 ± 4.5% measured for the controls of susceptible Table 2) . The bacterial growth analysis demonstrated that the growth rate of PXO61 on resistant transgenic plants at the booting stage was 87-fold lower than that on wild type ( Figure 1B) . T 1 families derived from three of the resistant T 0 plants carrying one copy of Xa3 were further examined individually for resistance by inoculating with PXO61 and also for the presence of the transgene by PCR analysis at booting stage. It was shown that the resistance cosegregated with Xa3 in all three T 1 families (Supplemental Table 2 ), indicating that the improved resistance was due to the existence of Xa3. Resistant T 1 plants from the MKbZH2 family were further examined for their resistance spectrums. Transgenic plants showed significantly enhanced (P < 0.01) resistance to five (PXO61, PXO86, PXO79, PXO71, and PXO145) of the seven strains representing different Xoo races compared with wild type and Minghui 63 at booting stage (Table 1 ). The transgenic plants were also more resistant than transgenic line Rb17-2 carrying one copy of P Xa3 :Xa3 in the background of japonica Mudanjiang 8 (Table 1) .
Two independent positive transformants (MKb024) in the background of japonica variety 02428 were obtained. The T 0 transgenic plants were highly resistant to Xoo strain PXO61, with lesion areas of 3.1 ± 0.3% and 3.2 ± 0.2%, as compared to 47.5 ± 9.4% and 23.9 ± 2.2% measured for the controls of susceptible 02428 and moderately resistant Minghui 63 at booting stage, respectively ( Figure 1A , Supplemental Table 2 ).
The resistance of the T 1 family cosegregated with Xa3 (Supplemental Table 2 ), indicating that the improved resistance was due to Xa3. These results suggest that genetic background has a large influence on the function of Xa3 and that a japonica background facilitates Xa3 function more than an indica background. Table 2 ). The lesion area of these highly resistant plants ranged from 0.2 ± 0.1% to 1.5 ± 0.5% in the Zhonghua 11 background as compared to 39.0 ± 11.9% and 25.6 ± 4.5% measured for the susceptible wild type and moderately resistant Minghui 63 controls, respectively; and from 2.0 ± 0.4% to 8.4 ± 0.6% in Minghui 63 background as compared to 53.2 ± 2.8 measured for the moderately resistant wild type. Similar results were also obtained for the transgenic plants carrying P Ubi :Xa3 in Mudanjiang 8 background (Supplemental Table 2 ). T 1 families derived from two to three of the resistant T 0 plants from each genetic background were further examined. It was shown that the resistance cosegregated with Xa3 in all the T 1 families examined (Supplemental Table 2 ), indicating that the enhanced resistance was due to the transgene Xa3.
Resistant T 1 plants MKbFZH2 carrying P Ubi :Xa3 in Zhonghua 11 background were further examined for their resistance spectrums. Transgenic plants showed significantly enhanced (P < 0.01) resistance to all seven Xoo strains compared with wild type (Table 1 ). The MKbFZH2 plants also appeared to be more resistant to Xoo strains PXO61, PXO79, PXO71, PXO99, PXO145, and Z173 than transgenic plants MKbZH2 carrying P Xa3 :Xa3, as determined by a comparison of lesion areas at booting stage (Table 1) . A bacterial growth analysis also indicated that plants carrying P Ubi :Xa3 were more resistant to Xoo infection than plants carrying P Xa3 :Xa3 in Zhonghua 11 background; the bacterial growth rate of PXO61 on MKbFZH plants was 1.5-fold lower than that on MKbZH plants at 14 days after inoculation ( Figure 1B (Table 2) .
We also transferred Xa3 driven by a weak and pathogen-induced promoter, rice Table 2 ). However, Xa3-mediated resistance was significantly impaired (P < 0.01) in plants carrying P WRKY13 :Xa3 as compared to plants carrying P Xa3 :Xa3 in the same genetic background. The average lesion area of transgenic plants carrying P WRKY13 :Xa3 was approximately 3-to 11-fold larger than that of the transgenic plants carrying P Xa3 :Xa3 in the same genetic background on infection (Table 3 ). The bacterial growth rate on plants carrying P WRKY13 :Xa3 was 7.9-and 29.5-fold higher than that on plants carrying P Xa3 :Xa3 in Zhonghua 11 and Mudanjiang 8 backgrounds, respectively ( Figure 1B) .
The Xa3 expression level driven by P Ubi was, on average, 2-, 11-, and 63-fold suggest that the function of Xa3 is associated with its expression level: The higher its expression, the more resistant the plant.
Developmentally controlled Xa3 activity is associated with its expression level:
Minghui 63 and IRBB3 were susceptible to Xoo strains PXO61 and PXO71 at seedling stage (Table 4) . However, Minghui 63 became moderately resistant or moderately susceptible to PXO61, although still susceptible to PXO71, and IRBB3 became resistant to PXO61 and PXO71 at adult (booting) stage (Tables 1 and 2 (Table 4 ). The growth rates of PXO61 on resistant transgenic plants carrying Developmentally controlled resistance has been observed in many plant-pathogen systems. Full disease resistance usually occurs at adult stages in these systems. Rice Xa21 is expressed at both susceptible and resistant stages, indicating that Xa21-mediated developmentally controlled disease resistance may not be related to its expression (Century et al. 1999) . Xa3 and Xa21 encoding the same type of proteins share 53% sequence similarity (Sun et al. 2004) . However, the present results indicate that the developmentally controlled Xa3-mediated resistance to some Xoo strains is associated with its expression level. This dosage-dependent developmental control may also be related to bacterial recognition specificity. Minghui 63 was highly resistant to
Xoo strain JL691 at both seedling and adult stages (Chen et al. 2002) , suggesting that XA3 can efficiently and specifically perceive the effector of JL691 and that more XA3
proteins are required for recognition of PXO61. R genes often express constitutively in either uninfected or infected plants (De Ilarduya and Kaloshian 2001; Shen et al. 2002; Paal et al. 2004; Huang et al. 2005; Schornack et al. 2005; ) , which agrees with their common role in pathogen recognition. This indicates that in most cases, the basal level of R proteins preexisting in cells is sufficient to guard pathogen invasion and initiate host resistance. However, in a few cases, pathogen induction increases R gene expression (Thurau et al. 2003; Levy et al. 2004; Gu et al. 2005) . These results suggest that more R proteins are required on infection to help amplify the resistance response.
Xa3 belongs to the latter group of R genes. Low levels of pathogen-induced Xa3 expression were constantly observed in indica rice lines and japonica transgenic lines in
Mudanjiang 8 background. This result is consistent with the observation that increasing
Xa3 expression can enhance rice resistance. This induction was not detected in japonica transgenic lines in Zhonghua 11 background, which may be due to very high levels of Xa3 transcripts in these plants masking the light induction. However, a suppression of Xa3 expression was also observed in only indica rice lines at early infection (4 h).
Further study is needed to determine whether this is one of the causes of the impaired disease resistance in indica lines as compared to japonica transgenic plants. 33.6 ± 10.9 57.8 ± 9.9 3.0 ± 1.1 PXO99 14.9 ± 1.9 10.9 ± 1.3 
